Introduction
In all vertebrates, the paraxial mesoderm is divided into somites. In lower vertebrates (fishes and amphibians), major part of the somite consists of myotomal cells called primary myoblasts. These cells differentiate in situ into trunk (myotomal) muscles. Muscle growth occurs through both hypertrophy (muscle fibre enlargement) and hyperplasy (addition of new fibres). The mechanisms regulating hyperplasia and hypertrophy in muscle growth of fishes are still largely unknown. Most researchers believe that myosatellite cells are involved in both types of growth. These cells, first described by Mauro (1961) , retain ability to divide mitotically and have a large heterochromatic nucleus, and a small amount of cytoplasm which, apart from free ribosomes and polysomes, contains only few organelles (Koumans et al., 1990) . Myosatellite cells are located outside the muscle fibre sarcolemma but beneath the basal lamina which overlies the muscle fibre. Myosatellite cells are quiescent in adult muscle, but act as and chondrosteand. In Chondrostei (Acipenseridae), myoblasts derived from the somite fuse to form multinucleated muscle lamellae (flattened form of muscle fibres), whereas in teleosts, such as pike (Esox lucius) (Kacperczyk and Daczewska, 2006) , European grayling (Thymallus thymallus), (Merkel, 1995) , zebrafish (Brachydanio rerio), (Waterman, 1996 , after Johnston, 2001 ) and European pearlfish (Rutilus frisii meidingeri) (Stoiber and Sänger, 1996) , myoblast fusion results in formation of mutinucleated muscle fibres (Daczewska, 2006) . However, there are also some differences in embryonic muscle fibre formation between fishes and amphibians. In amphibians, myotomal cells either differentiate into mononucleate, morphologically and functionally mature myotubes, or myoblasts fuse to form multinucleate myotubes (Daczewska and Palucka, 1999; Daczewska and Kielbowna, 2000; Daczewska, 2001; Kielbowna and Daczewska, 2005) .
The Australian lungfish (Neoceratodus forsteri) is a member of Dipnoi: a sarcopterygian family Ceratodontidae. The most recent palaeontological, molecular and morphological evidence supports the position of the lungfish as the closest living relative of tetrapods. The unique phylogentic postion of the lungfish between the fishes and amphibians prompted us to analyse the differentiation of its myotomal muscle fibres. The objective of our study was to find out if the differentiation of myotomal muscles in the studied species conformed to the fish or to the amphibian pattern.
Results

Differentiation of myotomal muscle fibres before hatching
Somitogenesis
During embryogenesis of N. forsteri (stage 23) mesodermal blocks of cells, called somites, separate from the unsegmented mesoderm. In the sagittal section, the somite of N. forsteri is visible as a cluster of cells arranged in a "rosette", with cells directed centripetally (Fig. 1A) . The somite cells are triangular and polarized (apical end facing the somite centre and base facing outside). Ultrastructural analysis revealed that the major part of the cytoplasm of these mononucleated somite cells is occupied by large nuclei, yolk platelets and lipid droplets (Fig. 1B) .
Muscle lammellae formation
At stage 25 of embryonic development, as a result of mononucleated somite cell fusion, multinuclear (containg 2-3 nuclei) white muscle lamellae form. The lamellae occupy the whole length of the myotome and are perpendicular to the notochord and neural tube. Moreover, a single layer of mononucleaded cells (external cells) with strong affinity to methylene blue was present between lateral surface of the myotome (Fig. 1C) . TEM analysis revealed that myofibrylogenesis started in the white muscle lamellae (Fig.  1D ). The process of myoblasts fusion showed medio-lateral gradient in each myotome. First muscle lamellae were observed in the median part of the myotome at the level of notochord, whereas in its lateral part mononucleated cells were still present (Fig. 1E ). At this development stage, labelling with anti-desmin antibody revealed the presence of intermediate, desmin-positive filaments under the sarcolemma of muscle lamellae (Fig. 1F) .
At a later stage (stage 39) of embronal development muscle lamellae (visible in the cross section) were filled by myofibrils. In 
this stage of development, cells present between the myotome and the epidermis were spindle-shaped and organized into two layers (Fig. 1G) . Their cytoplasm contained rough endoplasmic reticulum. These cells had characterisrtic nuclei containing electrondense chromatin beneath the nuclear envelope. Under the subepidermal connective tissue collagen fibres were observed ( Fig. 2A) . At this stage of development, the spindle shaped cells were the only cells present among the myotubes in the intermyotomal fissures and in the myotomes (Fig. 2B) . Hovewer, ultrastructural analysis revealed the presence of collagen fibrils in the intermyotomal fissures (Fig. 2C ).
Differentiation of myotomal muscle fibres after hatching
Growth of muscles During later stages of myogenesis (stage 43), in the cross and sagittal sections, mononucleated undifferentiated cells of unknown origin were for the first time observed in the intermyotomal fissures and subsequently in the myotomes among the white muscle lamellae (Fig. 2D) .
Ultrastructural analysis of mononucleated cells in the intermyotomal fissures showed numerous collagen fibrils in the vicinity of these cells, which confirms their mesenchymal character (Fig. 2E ). In contrast, cells which had migrated into the myotomes, among the muscle lamellae, were spindle-shaped and stained more strongly with methylene blue. Their nuclei contained electron-dense chromatin under their envelope. The collagen fibres were never present in the vicinity of these cells. The plasmalemmae of the muscle lamellae and mononucleated cells closely adhered to each other. Close to the plasmalemma, in the muscle lamellae cytoplasm, numerous vesicles were present (Fig. 2F) . Appearance of these structures provides an indirect morphological evidence of the fusion of these cells, as secondary myoblasts, with the myotubes.
Conversion of muscle lamellae into muscle fibres
At a further stage of myogenesis (stage 43), on cross sections of the embryo, for the first time muscle fibres of polygonal shape, closely adhering to the white muscle lamellae, were observed in the lateral part of the myotome. Between these lamellae and the muscle fibres secondary myoblasts were still present (Fig. 3A) . In addition, in stage 43 an additional class of mononucleated cells, morphologically referred to as myosatellitle fibres, was observed among the white muscle lamellae and white muscle fibres. TEM analysis revealed a small number of myofibrils in the cytoplasm of myosatellitle fibres (Fig. 3B) .
During later events of myogenesis (stages 44-53) the number of muscle fibres in the myotome increased concomitantly with a decreas in the length of the muscle lamellae (Fig. 3C) . A diagram of ratio of the muscle lamellae and the muscle fibres in the myotome development, shows that in the consecutive development stages the white muscle lamellae are successively replaced by the polygonal muscle fibres (Fig. 4A) .
TEM analysis revealed that the muscle lamellae and muscle fibres were in close contact and occupied the same space (Fig.  3D ). This suggests that the muscle fibres have undergone splitting or branching off from the pre-existing musclae lamellae.
In advanced stages of myogenesis (stage 53) the whole myotome is filled with polygonal muscle fibres (Fig. 3E ). Their ultrastructure reveals that myofibrils are roughly cylindrical in cross section, and are lacking the long ribbons usually found in fishes (Fig. 3F) . In stage 53 of myogenesis the secondary muscle fibres of a smaller diameter, which are accompanied by the primary fibres of a larger diameter, were also present (Fig. 3E ).
Cross and sagittal sections of the musculature of N. forsterii showed that until stage 53 (which was the last stage exmained in this study) there was no increase in the number of muscle fibre 
Discussion
Early events of myogenesis
The somites in chondrostean fishes, such as Siberian sturgeon (Aciperser baeri) (Daczewska and Saczko, 2005) and in the teleosts: Th. thymallus (Merkel, 1995) , B. rerio (Waterman, 1996 , after Johnston, 2001 , R. frisii meidingeri (Stoiber and Sänger, 1996) , E. lucius (Kacperczyk and Daczewska, 2006) , show the same structural pattern. They are built by a layer of tightly adjoining circumferential cells covering a centrally located group of more loosely arranged round cells. In contrast the somites of N. forsteri form a cluster of cells organized in a "rosette" configuration which is also present in urodelan embryos: axolotl (Ambystoma mexicanum), sharp-ribbed salamander (Pleurodeles walti) (Youn and Malacinski, 1981) and smooth newt (Triturus vulgaris) (Daczewska and Kielbowna, 2000) . There is a significant body of evidence that Dipnoi may be the living sister group of tetrapods. Studies on somitogenesis in N. forsteri presented here reveal that the somite structure in the lungfish is similar to the somite structure of urodelans rather than fishes.
The pattern of early muscle formation in N. forsteri is very similar to that of sturgeons -representatives of Chondrostei. During early stages of myogenesis in N. forsteri the somitederived stock of cells, called primary myoblasts, fuse to form multinucleated muscle lamellae. Similar muscle lamellae have been observed in early musculature of embryos of the starry sturgeon (Acipenser stellatus) and Siberian sturgeon (Acipenser baeri) (Flood and Gulyaev, 1987; Daczewska and Saczko, 2005) . In these species the myotome is built of wedge-shaped, flattened multinucleate lamellae, stacked on top of each other in a dorsoventral direction. Moreover, the multinuclear muscle lamellae in sturgeons and lungfish resemble, in their structure, the mononucleated muscle lamellae present in the larval and adult musculature of amphioxus (Branchiostoma lanceolatum) (Holand et al., 1995) and in the larval musculature of Pacific lamprey (Lampetra tridentata) (Nakao, 1977) .
In N. forsteri embryo, after the formation of white muscle lamellae, a layer of undifferentiated cells clearly separated from epidermis appears on the lateral surface of the myotome. In N. forsteri these cells, called "coriumblatt", were first described by Maurer (1906) . They are similar to the "external cells" laterally covering the myotome, described by Waterman (1969) . He believed that these cells participate in the development of dermal structures. A similar layer of cells, external to the embryonic myotome, has been found in B. lanceolatum (Maurer, 1906) , L. tridentata larvae (Nakao, 1977) , African clawed frog Xenopus laevis (Grimaldinet al., 2005) and European common frog (Rana temporaria) (Maurer, 1906) . Recently, Devoto et al., (2006) , have described morphologically and molecularly a layer of non-muscular cells on the external surface of the embryonic myotome, homologous to the amniote dermatomyotome, in fish. In B. rerio TEM analysis showed (Waterman, 1969 ) that, like in N. forsteri, external cells are extremely flattened. They contain rough endoplasmic reticulum, but myofibrils are lacking. A similarly structured layer of external cells was thought to contribute to slow muscle hyperplasia in post-hatching stage of the see bass (Dicentrarchus labrax) (Vegetti et al., 1990; Ramirez-Zarzoza et al., 1995) , roach (Rutilus rutilus), Danube bleak (Chalcalburnus chalcoides) (Stoiber, 2002) , and gilthead sea bream (Lampetra tridentata) (Ramirez-Zarzoza et al., 1995) .
Cells involved in myotomal muscle growth
We observed, for the first time, that in N. forsteri, after hatching, the intermyotomal fissures and the myotomes among the white muscle lamellae, contain an additional class of mononucleated cells of unknown origin. Cells remaining in the intermyotomal fissures differentiate into fibroblasts with well developed collagen fibres in their vicinity. In contrast, cells, which via the myosepts, had migrated into the myotomes among the white muscle lamellae, differentiate into mesenchyme-derived muscle cells, precursors of secondary myoblasts. Their morphological characteristics (spindle-shape, heterochromatic nucleus, small amount of cytoplasm), resemble myosatellite cells, described in a wide range of fish species: B. rerio (Waterman, 1969) , European eel (Anguilla (Sandset and Korneliussen, 1987) , D. labrax (Vegetti et al., 1990) , Atlantic herring (Clupea harengus) (Johnston, 1993) and common carp (Cyprinus carpio) (Koumans et al., 1994) , rainbow trout (Oncorhynchus mykiss) (Greenlee et al., 1995) . In fish myogenesis, these cells participate in hypertrophic growth, undergoing fusion with already existing fibres, contributing to the increase in the number of nuclei in the muscle fibres, and in hyperplastic growth, they fuse with one another to form new fibres (Stickland, 1983 , Koumans et al., 1993 after Johnston, 2001 . In fishes, the first myosatellite cells observed during early development are not included beneath the basal lamina (Koumans et al., 1993) , which at that time, is still developing. It is has been found that in fishes, precursors of satellite cells are capable of migration during early muscle development (Devoto et al., 1996 , Stoiber and Sänger, 1996 after Johnston, 2001 .
We believe that in N. forsteri, the correlation between the appearance of mesenchyme-derived muscle cells, precursors of secondary myoblasts and formation of secondary muscle fibres, provides indirect support for the hypothesis, that these cells participate in hyperplastic growth of muscles, fusing with each other to form new secondary muscle fibres.
Morphological evidence for the myoblastic function of mesenchymal cells in N. forsteri, is the presence of numerous vesicles which bud off from the myotube sarcolemma, at the region of contact between the two cells. According to Orlov et al., (1989) , the fusion-associated vesicles are always present below the plasmalemma of more advanced myogenic cells (Loesser et al., 1997) . In fishes, fusion-associated vesicles have been observed during myogenesis in O. mykiss (Nag and Nurse, 1972) , M. glutinosa (Sandset and Konrneliussen, 1978) and Th. thymallus (Merkel, 1995) , E. lucius (Kacperczyk and Daczewska, 2006) . Fusion-associated vesicles have been also found under the plasma membrane in the satellite cells of the sonic muscle in toadfish (Opsanus tau) (Loesser'et al., 1997) .
The origin of satellite cells which participate in muscle growth is still controversial. Gros et al., (2005) have shown that in chicken embryos the dorsal compartment of the somites, the dermatomyotome, is the source of population of myogenic progenitors that participate in the formation of embryonic and fetal skeletal muscles. Long-term lineage analysis shows that satellite cells, which are the progenitors of adult skeletal muscles, derive from the same cell population. The authors conclude that the somite is the source of the muscle stem cell population that arises from the dermatomyotome and contributes to embryonic and adult muscle growth. Recently, Devoto et al., (2006) , have shown that in sturgeon sterlet (Acipenser ruthenus), Pax 7 antibody labels nuclei in the flattened cells on the external surface of the somite, suggesting that the sturgeon external cells include myogenic precursors. Also in B. rerio, Pax 7 antibody labels the nuclei of cells on the somite surface (Devoto et. al., 2006) . During muscle differentiation in N. forsteri mesenchymal cells with myoblastic potential invade the already differentiated myotome filled with post-mitotic multinucleate muscle lamellae. Consequently, in this species, the myotome can be excluded as the source of mesenchymal cells of myogenic potential. The source of mesenchymal cells in many species described above is usually located in the external part of the myotome; it seems that also in N. forsteri external cells may be a source of muscles progenitors.
Conversion of muscle lamellae into muscle fibres
Similar to sturgeons A. baeri and A. stellatus (Flood and Gulyaev, 1987; Daczewska and Saczko, 2005) , in N. forsteri, after hatching, the white muscle lamellae are successively converted into white muscle fibres. At advanced stages of myogenesis, the whole musculature of N. forsteri, like that of sturgeons, contains muscle fibres. In A. stellatus, multinucleated muscle lamellae undergo divisions leading to the formation of multinucleated muscle fibres (Flood and Gulyaev,1987) . In N. forsteri TEM analysis reveals that muscle lamellae and muscle fibres are in close contact and occupy the same space. According to Banker and Engel (1994) , when two muscle fibres in close apposition occupy the same space, they probably had undergone splitting or branching.
Fibre division occurs in adult specimens of cod icefishes (Notothenia coriiceps and Patagonotothen longipes), leading to a slight increase (1-3%) in fibre number and muscle mass (Johnston et al., 2003) . Fibre splitting has also been found to occur in the coalfish (Gadus virens) (Patterson and Goldspink, 1976) , mullet (Mugil cephalus) (Carpene and Vegetti, 1981) and A. anguilla (Wiliemse and Leiuma-Noordanaus, 1984) .
Muscle growth
In fishes, growth of skeletal muscle occurs through both hyperplasia (formation of new muscle fibres) and hypertrophy (growth of pre-existing muscle fibres). In N. forsteri during the embryogenesis, before and after hatching, no increase in the number of muscle fibres is observed, whereas within the large mass of white muscle there are small-diameter fibres which give the muscle a mosaic appearance. It is commonly accepted that in fish species of large ultimate size, like red seabream (Pagrus major) (Matsuoka and Iwai, 1984) , Atlantic salmon (Salmo salar) (Stickland et al., 1988) , D. labrax (Vegetti et al., 1990) , European plaice (Pleuronectes platessa) (Brooks and Johnston, 1993) , S. aurata (Mascarello et al., 1993) and also N. forsteri, the muscle mass grows mainly through addition of new fibres (Koumans and Akster, 1995) . In N. forsteri, the appearance of mesenchymederived secondary myoblasts (myosatellitle cells) and the splitting of pre-existent larger muscle lamellae coincide with the appearance of new, small (secondary) white muscle fibres. Thus we postulate that in N. forsteri both the satellite cells and the splitting of the fibres are the mechanism underlying hyperplasia. No increase in the number of muscle fibre nuclei is observed in either embryonic or juvenile musculature of N. forsteri, which indicated that, during studied developmental stages, the increase in muscle mass is accomplished mainly through hyperplasia.
Morphology of adult muscles
In N. forsteri, at advanced stages of myogenesis (stage 53), basing on morphological criteria, no red musle fibres are observed. However, in adult musulature of African lungfish (Protopterus aethiopicus), a small number of red muscle has been found along the lateral line (Dunn et al., 1981) . Like other fishes, lungfish primarily uses gills to breathe. During periods of drought, it can tolerate stagnant conditions thanks to breathing the air because it supplements the respiration using a modified swim bladder (lung) (Berra, 2001) . Thus, the lungfish is in a diving state when all tissues may potentially experience severe hypoxia (Dunn et al., 1981) . The very low mitochondrial density, capillarity, and lipid content in muscle fibres of lungfishes, the low number of red muscle, and its low aerobic capacity, indicate that the whole muscle structure is adapted to anaerobic function (Dunn et al., 1981) .
Ultrastructural examination of N. forsteri, like in P. aethiopicus, reveals that myofibrils are roughly cylindrical in cross section, and are lacking the long ribbons which are usually found in teleost fishes (Kilarski, 1967 after Dunn et al., 1981 . P. aethiopicus has a muscle structure similar to that of amphibians, with the mosaic arrangement of fibres and lack of subsarcolemmal band of mitochondria located around the periphery. The muscle organization in the lungfish appears to be intermediate between fishes and amphibians and this makes it a useful model for explaining the evolutionary implications of the mechanism of muscle development.
Evolutionary implications
In our work we show that some features of muscle development in N. forsteri are shared by fishes and amphibians. It is commoly accepted that tetrapods have evolved from lobe-finned fishes (Sarcopterygii). The two main groups within sarcopterygians are Dipnomorpha which include lungfishes, and Actinistia which are represented by latimerian (Zardoya and Mayer, 2003) . According to Mayer, (1995) , the Acantinistia lineage is not the direct source of the tetrapod lineage, but represent the lineage leading to modern lungfishes. Recent molecular and phylogenetic analyses of a nuclear gene, the myelin DM20, support the view that the lungfishes are the sister group of tetrapods (Tohyama et al., 2000 after Zardoya and Mayer, 2003) . Also the presence of a single deletion in the amino acid sequence in the gene RAG2, which is shared by lungfishes and tetrapods, supports this hypothesis (Venkatesh et al., 2001) . Other molecular data that support the view that lungfishes as the closest living relatives of tetrapods, are based on the similarities in their 12S rRNA and cytochrome b genes (Mayer, 1995) . Finally, according to Mayer, (1995) , the lungfish mtDNA is more closely related to that of the frog than the coelacanth.
The evolution of fish into tetrapods is still very elusive but as more speciments are being found the path of their evolution may became more clear.
Materials and Methods
Embryos were provided by Anne Kemp, Queesland University, Australia. The study of myotomal myogenesis included the development period from stage 23 to stage 53. Hatching took place at stage 41. Developmental stages were determined according to the developmental table for N. forsteri (Semon, 1901) . The egg envelopes were removed with forceps. The embryos were anaesthetized with Tricaine (MS 222) (Alpharma) and placed in fixative.
Light and TEM microscopy
Material for transmission electron microscope (TEM) analysis was fixed for 24 h in 4 0 C in modified Karnowsky's liquid pH 7.2: 1% paraformaldehyde (Sigma Aldrich), 1% glutaraldehyde (Sigma Aldrich) in 0.1 M phosphate buffer. The material was repeatedly rinsed in the same buffer and post-fixed for 2 h in 1% OsO 4 (Sigma Aldrich) in phosphate buffer, pH 7.2. Following rinsing in 0.1 M phosphate buffer, the material was dehydrated in graded alcohol series and acetone, and embedded in epoxy resin Epon 812 (Sigma Aldrich). The Epon blocks were cut on Reichert Ultracut E ultramicrotome. Semithin sections (0.6 µm) were stained with methylene blue in 1% borax solution (Sigma Aldrich) and examined in light microscope, Olympus BHS. Ultrathin sections were contrasted with uranyl acetate and lead citrate according to the standard Reynolds (1963) protocol, end examined in TEM, Zeiss EM 900 at an accelerating voltage of 80 kV.
Immunocytochemistry
The embryos were fixed in 4% paraformaldehyde, dehydrated and embedded in Histocryl (Agar Scientific Ltd., Stansted, Essex, England). The Histocryl blocks were cut on Reichert Ultracut E microtome. Standard immunocytochemical reactions were done on semithin sections (2 µm). The polyclonal antibody directed against desmin (Sigma D-8281) was used at the dilution of 1: 20. Secondary antibodies conjugated with FITC (Santa Cruz Biotechnology-3692) were used at 1:100 dilution. The sections were examined under a fluorescence microscope Olympus BHS.
Morphometry
All measurements were performed on semithin cross-sections (3 µm), (obtained according to the procedure described above) from the level of anus. Embryos at successive developmental stages (30-53) were used for measurements.
The morphometric variables: the total area of myotome and diameter of 30 muscle lamellae and muscle fibres, both in epaxial and hypaxial parts of the myotome, were measured using a Zeiss Axioskop 20 Microscope with KS100 software.
The data were subjected to variance analysis (two way ANOVA). The normal distribution was verified with quanntile diagrams and homogeneity of variances within groups -using Brown-Forsythe Test (p=0.071).
